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to contain a solid, feebly lustrous, milk-white plate,. 
which is easily removed from its iron bed. 

There now beg ins a week-Iong process of grinding 
and polishing of the glass plate preparatory to a pre
liminary examination as to its freedom from strire, 
bubbles, and conditions of interior strain. Experience 
shows that in 'general only a part of such a plate is of 
optical value. This part is cut out by means of a glass 
saw and again heated till soft in a crucible, which cor
responds approximately with the final form of the ob
jective. After this comes a second gradual cooling dur
ing a period of several weeks and another rough polish
ing and testing of the quality of the resulting plate of 
gl ass. 

In favorable cases the product is now ready for re
moval to the optical shop, but commonly there are ten 
or more unfavorable trials before securing a successful 
result ih the manufacture of a disk of glass for a lens 
of one meter diameter. Since, as you know, there are 
two such disks of equal size required for a telescope 
objective, weeks and months of further work are re
quired for the production of the second. The process 
is in all respects the same, except that somewhat dif
ferent materials are employed for the mixture, corre
sponding to the differences in optical properties de
sired. In outward appearance crown and flint lenses 
do not differ much, but one is somewhat heavier than 
the other. 

The description just given relates to the most mod
ern methods of glass making as they would now be 
pursued at Jena in the manufacture of glass disks for 
a telescope of 1.25 meters aperture. In the older pro
cesses it was customary to melt a charge ab out three 
times as large as required, and after this had reached 
the proper color and consistency. to allow the melting 
oven to cool slowly and thus to takB the place of the 
special cooling oven. On opening the oven the glass 
block WQuld be found broken in several pieces, and if 
there was none among these which would answer the 
purpose the process would then be repeated. When a 
rough block of suitable size and quality was oLtained 
it was put in a crucible of about the proper lens form. 
The whole was then again melted and cooled and then 
polished for testing. As an example of the cost in time 
spent in this procedure, it will be recalled that the 
Paris gl ass works required four years for the produc
tion of the two lenses of the 36-inch Lick objective. 
The melting was done twenty times, and each time a 
month was spent in the cooling. On the other hand, 
the Jena glass works, employing the improved process
es, prepared both disks of the slightly smaller Pots
dam 80-centimeter objective in a few months. 

It may be of interest to rehearse briefly the story of 
the rapid development of the industry of optical glass 
making in Germany, principally during the last ten 
years. 

The pioneer in the production of glass for astron
omical purposes, according to purely scientific meth
ods, was the renowned Joseph von Fraunhofer, of Mu
nich (1787-1826). But it is only twenty years since 
Prof. Abbe and the glass manufacturer, Dr. Schott, of 
Jena, took up the work where Fraunhofer laid it down, 
and succeeded in replacing the old flint and crown 
glasses by new varieties of glass, by means of which 
the chromatic differences of spherical ,aberration are 
nearly eliminated. The production of the new glasses 
on a commercial scale began in the autumn of 1884. In 
order to support the very costly preliminary experi
ments, the Prussian government made considerable 
grants of money in consideration of the national value 
of the work. This governmental support was required 
but two years, for thc undertaking progressed favorably 
and the productions found recognition almost immedi
ately in the whole optical world, so that ,soon not only 
German, but foreign optical establishments, placed 
most of their orders for material in Jena. Not only 
are the common crown and flint glasses made here, 
but also a great number of improved crown and flint 
glasses, containing boric and phosphoric acids, to di
minish the secondary spectrum on the one hand, and 
on the other containing metallic oxides, by means of 
which the dispersion and refraction may be increased 
or diminished. An extensive exhibition of these pro
ducts was witnessed by the visitors who attended the 
Berlin Gewerbe-Ausstellung in 1896. There were 
shown disks for the construction of telescopic objec
tives of 110 and 125 centimeters diameter, and these 
were the largest pieces of optical glass which had then 
been made. Not only is optical glass produced for all 
kinds of instruments of precision, but also there is 
made at Jena glass tubing for physical, chemical, man
ufacturing, and medicinal purposes, and all sorts of 
chemical glassware, such as flasks, beakers, and re
torts, besides cylinders for gas and petroleum lighting. 
There are now employed in this industry about 650 
persons, and the value of the yearly output reaches 
3,000,000 marks. 

We are now prepared to detail to the further stages 
in the preparation of a great objective, and the �tten
tion of the reader is invited to the optical workshop. 
Here the glass disks are first ground and polished on 
both sides preparatory to a thorough testing. For 
this purpose there is a machine with a vertical spindIe 
carrying an iron plate. 

Upon this plate the glass disks are in their turn 
cemented with pitch, and above is a second ir on plate, 
the grinder, provided with a spindIe in the center. By 
means of this spin dIe the grinding plate is shoved 
hither and thither over the glass disk by machinery. 
The grinding material is emery powder and water. 
After the rough grinding is d one the rough polishing 
on the same machine follows similarly, excepting that 
the grinding tool is replaced by a cloth-covered polish
ing tool, covered with rouge instead of emery. 

After this preliminary work, a careful investigation 
of the disks is made in the laboratory by the aid of the 
microscope and pOlarization apparatus. If the objec
tive is good it must appear bright in the polariscope, 
with the exception of being marked by a regular dark 
cross. If an irregular cross is seen, or, in certain con
ditions, brightly colored figures of various shapes, the 
disk must be returned to the glassworks to be re-
melted and cooled. 

. 

In case of a satisfactory outcome of these tests small 
pieces are cut off and prisms are prepared from them, 
whose refractive indices are determined by means of 
the spectrometer. Upon these measurements are based 
the accurate computation of the objective-that is to 
say, a tedious piece of work wh ich requires repeat-,d 
independent checking. 

After this begins the real preparation of the objec
tive lenses, one of which is to be ground concave, the 
other com'ex, on the same machine which was used in 
the rough grinding. This present procedure is similar 
to that already described, except that grinding tools 
opposite in curvature to the lenses and made.of iron, 
brass, 01' glass are fed with finer and finer emery pow
der as the work approaches its finish. 

Since everything depends on the proper gUiding of 
the grinding tool to obtain the regular spherical sur
faces, the operating of the machine demands great ex
perience and care, and the work requires frequent test
ing by the application of the spherometer. When final
Iy the right curvature is reached, after many days of 
work, repeated and accurate testing of the lens is made 
by the ToppIe!' "Schlierenmethode" for small errors, 
nonhomogeneity, and other faults. 

The fine-ground lens is now put upon a lathe and 
centered by means of a fine adjusting crane. This cen
tering consists of shifting the lens about upon the 
spindIe of the lathe until exact coincidence is reached 
between the optic axis (common axis of curvature of 
the two surfaces) and the mechanical axis of the spin
dIe. Recognition of this condition depends on observ
ing the reflections from the two glass surfaces, and ac
curate centering is reached when these reflections do 
not move with the rotation of the spindIe. When the 
right adjustment is made the edge of the disk is 
turned off true by means of a grinding band fed with 
emery and water, and by this means the lens is re
duced to the proper diameter. 

After the centering follows the fine polishing on a 
special polishing machine. The process is much the 
same as that of röugh polishing, excepting that instead 
of a cloth-covered tool there is provided for each face 
a series of great pitch-covered plates. Frequent trials 
of the surfaces are made by means of so-called "test 
glasses." These are small glass plates ground and pol
ished accurately to fit the desired curve; that is to say, 
convex for a concave surface, and vice versa. Their 
employment in testing depends on the following prin
ci pIe : If two closely fitting polished surfaces are laid 
one upon the other there is retained between them ä 
thin film of air which exhibits the so-called "Newton's 
colors," seen in soap bubbles and similar thin transpar
ent structures. The color is the same over the whole 
surface only when the thickness of the inclosed film 
is everywhere uniform, which only occurs when the 
lens has the same curvature as the test glass. At the 
beginning of the polishing the Newton's colors appear 
as rings of more or less width. By the proper use of 
polishing tools of different sizes, and by suitable regu
lation of the stroke and' velocity of the machine, the 
condition is finally reached when a uniform color su
persedes the rings, no matter where the test glass is 
laid upon the lens. By such methods of measurement 
in terms of the wave length of light, deviations of 
thickness of only one ten-thousandth millimeter (one 
two-hundred-and-fifty-thousandth inch) ean be accu
rately detected, a magnitude scarcely appreciable to 
the lay mind. It is obvious that the fine polishing in 
such conditions rs an exceptionally difficult task, the 
more so that care must always be exercised to avoid 
all blemishes on the surfaces, such as scratches and 
the like, and only the most competent and experienced 
workers can succeed with it. A conception of the diffi
culties to be overcome may be found when it is said 
that the fine polishing of a single lens surface takes 
several months. 

When both lenses have passed through the processes 
of fine grinding and polishing they are inserted in 
brass or iron mountings which have meanwhile been 
prepared for them and in which they lie separated by 
a small free space. Cementing together with Canada 
balsam' or turpentine, as generally practised with small 
lenses, and formerly with large ones also, has more 
recently been discontinued on account of the difficulty 
or separating large cemented lenses for subsequent 
cleaning. 

After the lenses have been placed in their cell there 
remains only the final testing in the telescope tube it
self. I shall not describe the complicated centering 
apparatus employed in this test. The errors of an 
objective and their causes are numerous, and their dis
covery and correction demand great experience and 
skill. 

In conclusion, we may inquire where the telescopes 
or largest objectives are located, and by whom they 
were made. In the first place, there is the objective 
made for the Paris Exposition of 1900, but not among 
the telescopes in present use. It is 1.24 meters in 
diameter, and the glass alone weighs 580 kilogrammes. 
The cost of the two lenses was 75,000 francs. These 
disks were poured by Mantois and ground by Martins, 
both of Paris. Up to the present time the objective 
has not been usefully employed. The second and thlrd 
places, as regards size alone, are taken by the ob,ip�
tive of the Yerkes Observatory, near Chicago (1897), 
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and that of the Lick Observatory, at Mount Hamilton, 
Ca!., with diameters, respectively, of 105 and91 centi
meters. Both were poured at the Paris glass works 
and figured by Alvan Clark in Cambridgeport, Mass. 

They are both satisfactory, though not pl'epared en
tirely on the basis of computation, but rather by re
peated trials, and brought to their completion by the 
so-called method of local correction. After them in 
size comes the great refractor of the Potsdam Observa
tory, prepared solely for celestial photography and hav
ing a diameter of 80 centimeters. This objective was 
poured in Jena and figured at the optical works of C. 
A. Steinheil Söhne, in Munich, in 1899. It is recog
nized to be of the highest order of merit, and is a 
strong testimony to the ability of German manufac
turers in this line. The Potsdam refractor has, in ad
dition to the 80-centimeter photographic lens, a second 
visual lens of 50 centimeters diameter, and being thulS 
a double refractor is pel'haps the largest astronomical 
instrument in use in the world. Both of the great 
American telescopes are devised solely for visual pur
poses, and can only be used for photography by the 
aid of auxiliary lenses which cut off some of the 
light.* 

Among other large objectives may be enumerated 
the Pulkova refractor, at St. Petersburg, by Clark, 
diameter 76 centimeters; objective of the Observatory 
of Nice, of equal diameter, by Henry Brothers, of 
Paris; the objective of the Vienna Observatory, of 71 
centimeters aperture, by Martins, and the Treptower 
objective, of 70 centimeters aperture, poured at Jena, 
ground in Munich (1896), and costing 55,000 marks. 

The objective of the Dorpat refractor, with 25 centi
meters aperture; which, as it came from the master 
hand of Fraunhofer, was regarded as a wonder of the 
world, can scarcely be counted among the large tele
scopes to-day, for already more than 100 exceed its 
dimensions. It would lead too far to mention them all, 
but it is not out' of place to remark that there is work 
of great value also for the sm aller lenses. Interesting 
studies of the features of t'le planets have been made 
even in recent times with smaller instruments. Thus 
Schiaparelli, the famous discoverer of the so-called 
Martian canals, made his earlier valuable observations 
with an 8-inch telescope, which would now be classed 
as a minor instrument. In planetary observation the 
advantages of fine optical definition, together with 
good atmospheric conditions, combined with practised 
eyes, are of more consequence than high power or great 
light-gathering capacity. The advantages of the larg
est instruments lie in the possibilities they afford of 
observing the fainter fixed stars and nebulre which lie 
at immeasurable distances. 

THE VELOCITY OF LIGHT. 
DATA for the velocity of light, verified by indepen

dent astronomical observations, were weil known prior 
to the century; for Römer had worked as long aga as 
1675, and Bradley in 1727. It reaained to actually 
measure this enormous velocity in the laboratory, ap
parently an extraordinary feat, but accomplished sim
ultaneously by Fizeau (1849) and by the aid of Wheat
stone's revolving mirror (1834) by Foucault (1849, 
1850, 1862). Since that time precision has been given 
to this importarit constant by Cornu (1871, 1873, 1874), 
Forbes and Young (1882), Michelson (1878, et seq.), 
and Newcomb (1885). Foucault (1850), and more 
accurately Michelson (1884), determined the vari
ation of velocity with the medium and wave length, 
thus assuring to the undulatory theory its ultimate tri
umph. Grave concern, however, still exists, inasmuch 
as Michelson and Morley (1886) by the most refinerl 
measurement, and differing from the older observations 
of Fizeau (1851, 1859)' were unable to detect the opti
cal effect of the relative motion of the atmosphere and 
the luminiferous ether predicted by theory. 

Römer's observation maoy in some degree be consid
ered as an anticipation of the principle first clearly 
stated by Döppler (1842), which has since become in
valuable in spectroscopy. Estimates of the density of 
the luminiferous ether have been published, in particu
lar by Kelvin (1854). 

THE HISTORY OF SPECTROSCOPY. 
CURIOUSLY, the acumen of Newton (1666, 1704) 

stopped short of the ultimate eonditions of purity of 
spectrum. It was left to Wollaston (1802), about one 
hundred years later, to introduce the slit and observe 
the dark lines of the solar spectrum. Fraunhofer 
(1814, 1815, 1823) mapped them out carefully and in
sisted on their solar origin. Brewster (1833, 1834), 
who afterward (1860) published a map of 3,000 lines, 
was the first to lay stress on the occurrence of absorp
tion, believing it to be 'atmospheric. F'orbes (1836) 
gave even greater definiteness to absorption by refer
rIng it to solar origin. Foucault (1849) pointed out 
the coincidence of the sodium lines with the D group 
of F'raunhofer, and discovered the reversing effect of 
sodium vapor. A statement of the parallelism of emis
sion and absorption came from Angström (1855) and 
with greater definiteness and ingenious experiments 
from Strlwart (1860). Nevertheless, it was reserven 10 

Kirchhoff and Bunsen (1860, 1861) to give the cleal'
cut distincfions between the continu,ou5 spectra and 
the characteristically fixed bright-line or dark-line spec
tra upon which spectrum analysis depends. Kirch
hoff's law was announced in 1861 and the same year 
brought his map of the solar spectrum and a discus
si on of the chemical composition of the sun. Huggins 
(1864, et seq.), Angström (1868), Thalen (1875), fol-

* Tbe Yerkes te]escope is used a8 a photographie Instrument by intcr_ 
polOi.ing in front of the plate a color scn�n for removing the violet rays and 
exposing plates sensitive to the yellow rays. 
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